forcing of BrC in PRD are still not well understood. In this work, we conducted a set of 23 comprehensive measurements of atmospheric particulate matters from 29 November 2014 to 5 24 January 2015 to investigate aerosol composition, optical properties, source origins and radiative 25 forcing effects at a suburban station of Guangzhou. Particle absorption Ångström exponent 26 (AAE) was deduced and utilized to differentiate light absorption by BrC from black carbon 27 (BC). The results showed that the average absorption contributions of BrC were 25.9±9.0% at 28 370 nm, 19.7±7.9% at 470 nm, 14.1±6.9% at 520nm, 11.6±5.6% at 590nm and 7.7±4.4% at 29 660nm, respectively. A sensitivity analysis of the evaluation of absorption Ångström exponent 30 of BC (AAE BC ) was conducted based on the Mie theory calculation, assuming that the BC-31 containing aerosol was internally mixed, with a core-shell configuration. The corresponding 32 uncertainty of BrC absorption contribution was acquired. We found that variations in the 33 imaginary refractive index (RI) of BC core can significantly affect the estimation of BrC 34 absorption contribution. However, BrC absorption contribution was relatively less sensitive to 35 the real part of RI of BC core and was least sensitive to the real part of RI of non-light absorbing 36 shell. BrC absorption was closely related to aerosol potassium cation content (K + ), a common 37 tracer of biomass burning emission, which was most likely associated with straw burning in the 38 rural area of western PRD. Diurnal variation of BrC absorption revealed that primary organic 39 aerosol had a larger BrC absorption capacity than secondary organic aerosol (SOA) had. 40
Radiative transfer simulations showed that BrC absorption may cause 2.2±2.3 W m −2 radiative 41 forcing at the top of atmosphere (TOA) and contribute 14.2±6.2% of the aerosol warming effect. 42
A chart was constructed to conveniently assess the BrC radiative forcing efficiency in the 43 studied area with reference to a certain aerosol single-scattering albedo (SSA) and BrC 44 absorption contribution at various wavelengths. Evidently, BrC radiative forcing efficiency was 45 higher in shorter wavelength. 46
Measurements of optical properties 165
Light extinction by aerosols at 532 nm was detected using a cavity ring-down aerosol extinction 166 spectrometer (CRDS) (Model XG-1000, Hexin Inc.) by measuring the decay times of laser 167 intensity through the aerosol-containing sample and the filtered background air sample under 168 the same condition. The extinction coefficient (σ ext ) was calculated using the procedure 169 described by Khalizov et al. (2009) . 170
Aerosol total scattering (σ sp ) was measured by a TSI-3563 integrating nephelometer at three 171 wavelengths (i.e., 450 nm, 550 nm, and 700 nm), which was calibrated with CO 2 following the 172 manual instruction. Particle free air was used to check the nephelometer background signal 173 once every two hours. The scattering coefficients at other wavelengths were extrapolated using 174 where λ 0 =450 nm for wavelengths less than 550 nm and λ 0 =700 nm for wavelengths more than 178 550 nm. 179
The aethalometer was also used for multi-wavelengths light absorption measurements in this 180 study. The seven-wavelengths aerosol light attenuation coefficients (σ ATN ) were converted into 181 the aerosol light absorption coefficients (σ abs ) using Eq. (3) (Coen et al., 2010) , where k is the 182 parameter to account for the loading effect, ATN is the light attenuation through the filter with 183 sample loading and C ref is a fixed multiple scattering parameter. 184
Real-time k value was retrieved using the dual-spot loading correction algorithm developed by 186 Drinovec et al. (2015) . The detailed formula of ATN can also be found in Drinovec et al. (2015) . 
It has been suggested that the AAE of BC may vary between short-and long-wavelength ranges 204 (Lack and Cappa, 2010 ) and hence applying a wavelength-independent AAE BC may lead to 205 uncertainties in BC absorption calculation from one wavelength to another. In this work, the 206 light absorptions of BC at various wavelengths were retrieved by a modified wavelength-207 dependent AAE segregation method: 208
Here σ abs,BC,λ i (i=1, 2, 3, 4, 5, and 6) stands for the absorption coefficient due to BC alone at 210 λ i =880, 660, 590, 520, 470 and 370 nm, respectively. AAE BC, λ i -λ i+1 represents the AAE of BC 211 between a longer and a shorter wavelength and was calculated as: 212
Accordingly, BrC absorption at a certain wavelength λ (σ abs,BrC,λ ) was the value of the total 214 aerosol absorption (σ abs,λ ) subtracting BC absorption (σ abs,BC,λ ): 215
The data of light absorption at 880 nm (σ abs,BC,880 ) was selected to represent BC absorption, 217 which shall not be affected by BrC (Drinovec et al., 2015) . It has been reported that dust-related 218 contribution of PM 2.5 was normally less than 5% in wintertime Guangzhou, therefore the 219 influence from dust could be negligible in this study (Huang et al., 2014 
Then the absorption coefficient /F-,*+',, was obtained following (Bricaud and Morel, 1986) : 241
where (log D ) is the PNSD. A two-component parameterization of dry particles, i.e., the 243 BC core and the non (or less) light-absorbing species, was applied to calculate aerosol optical 244 properties here (Wex et al., 2002) . The PNSD of BC core was calculated as: 245 The diameter of the BC core was calculated as: 254
The σ abs,BC,Mie, λ i of all six wavelengths were calculated through the Mie model, and then the 256 AAE BC of these five wavelengths were obtained using Eq. (6). 257
Atmospheric radiative transfer model 258
In this work, Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model was 259 employed to estimate the DRF of BrC absorption, i.e., its effects on the downward and upward 260 fluxes (F in W m -2 ) of solar radiations at TOA. SBDART is a software tool that can be used to 261 compute plane-parallel radiative transfer under both clear and cloudy conditions within the 262 atmosphere. More details about this model have been described by Ricchiazzi et al. (1998) . 263
Both ground measurements and remote sensing data were used in the simulation. The surface 264 albedo was derived from 500 m resolution MODIS BRDF/Albedo Model Parameters product 265 (MCD43A3, daily). The MCD43A3 products are the total shortwave broadband black-sky 266 albedo (α BSA ) and white-sky albedo (α WSA ), while the actual surface albedo (α) was computed 267 from a linear combination of α WSA and α BSA , weighted by the diffuse ratio (r d ) and direct ratio 268
(1-r d ), respectively: 269 
3 Results and discussion 287
Aerosol light absorption and uncertainty of BC and BrC optical segregation 288
When the AAE BC was assumed to be unity, the campaign-averaged σ BrC were respectively 289 18.0±14. Fig. 2 ). Evidently, aerosol light absorption was predominantly due to BC, 293 however BrC also played a significant part, especially at shorter wavelengths. Table 1 showed that AAE of large size pure BC core may be less than 1.0 (Liu et al., 2018) , and that 300 AAE of BC coated with non-absorbing shell may be larger than unity (Lack and Cappa, 2010) . 301
Theoretically, the magnitude of BC absorptions can be apparently affected by both parts of the 302 complex refractive indexes (RI) and thus AAE BC may also vary with RIs of both the BC core 303 and coating shell. In fact, RI was also one of the least known properties of BC and other coating 304 materials of negligibly absorbing capability. So far reported refractive index of BC core (m core ) 305 displays a wide range of variations (Liu et al., 2018 be consisting of non-absorbing material, i.e., its imaginary RI was set to be close to zero (10 -7 ). 308
The real part of the shell RI may vary from 1.35 to 1.6 due to the presence of OA (Redmond 309 and Thompson, 2011; Zhang et al., 2018) and inorganic salts (Erlick et al., 2011) . Hence, it is 310 necessary to investigate the uncertainties associated with the variations in AAE BC and the 311 corresponding BrC absorption contribution estimations by varying the RIs of both the BC core 312 and the non-absorbing shell. Based on the core-shell configuration, a suite of Mie theory 313 computation was performed for AAE BC with specific wavelength-independent complex 314 refractive indexes (RI = a -bi). The results are presented in Table 2 . Generally, for wavelengths 315 toward the UV range, AAE BC deviated negatively from unity and the shorter the wavelength 316 was the more was the deviation. For wavelengths toward the NIR range, the trend of AAE BC 317 was just reversed. It is also clearly shown that for all wavelength ranges, AAE BC increased with 318 increasing real RI of the BC core but anti-correlated with the imaginary RI of the BC core. For 319 the extreme cases (Model run 19 and 20 in Table 2 ), the corresponding averaged BrC absorption 320 contribution can be as high as 42.7±7.0% and as low as 14.3±11.4% at 370 nm. Therefore, the 321 estimation of BrC absorption contribution can be significantly affected by the choice of AAE BC . 322
However, for the cases typically encountered in the atmosphere, especially in the 500 to 600 323 nm range, AAE BC was very close to one. 324 Figure 3 shows the impacts of RI on the evaluations of AAE BC and BrC absorption contribution, 325
where the RI of BC core was set constant, i.e., m core =1.80 -0.54i and the real part of shell's RI 326 varied from 1.35 to 1.6 at an interval of 0.05, with the imaginary part of shell's RI set at 10 -7 . 327
As shown in Fig 3a, the calculated AAE BC was higher than 1.0 at longer wavelength and lower 328 than 1.0 at shorter wavelength (the red line in Fig. 3 denotes AAE BC =1). Even the shell material 329 was assumed non-absorbing, variation in the real RI of the shell still led to changes of shell's 330 refractivity and correspondingly altered its lensing effect, causing the fluctuation in calculated 331
AAE BC values between 520 and 660 nm. In other wavelength intervals, the AAE BC increased 332 with increasing real part of shell's RI. In Fig. 3b , under the same conditions as in Fig. 3a,  333 average BrC absorption contributed 23.7% ~ 27.4% at 370 nm, 13.1% ~ 17.7% at 470 nm, 7.4% 334 ~ 11.0% at 520 nm, 4.8% ~ 8.2% at 590 nm, and -0.1% ~ 4.2% at 660 nm to the total aerosol 335 absorption, respectively. Interestingly, the magnitude of BrC absorption contribution not only 336 wavelength generally increased with increasing real RIs (Fig. 4a) but decreased with increasing 346 imaginary RI (Fig 4c) . The AAE BC appeared to be more sensitive to the imaginary RI than the 347 real RI of BC core, for the fact that the imaginary RI was directly related to light-absorbing 348 properties of particles. In Fig. 4b wavelengths, which were due to the uncertainties associated with the calculation and the 369 dominance (near 100%) of BC absorption at these wavelengths. 370
We want to point out that most BC containing particles are often observed as fractal rather than 371 spherical in shape (Katrinak et al., 1993 
Characteristics of BrC light absorption, water-soluble ion and OC concentration 378
Globally, BrC have been observed to be highly correlated with biomass and biofuel burning 379 emissions (Laskin et al., 2015) . Since large quantity of sylvite is present in biomass burning 380 particles, K + abundancy has often been used as a biomass burning tracer (Levine, 1991) . BrC absorption can be seen during this field campaign (Fig. 5) . 388
In order to investigate the origins of these observed OC, K + , and BrC. Wind rose plots (as shown 389 in Fig. 6 ) were generated for OC, K + , and BrC absorption, respectively. All three panels of Fig.  390 6 show consistently that the three substances were associated with the same wind pattern. Unlike OC, K + shows a distinct peak around 6 AM, which was consistent with the breakfast 416 time and was most likely due to cooking activities using biofuel. It is still a common practice 417 to collect straw as biofuel in the local rural area, which can be visually spotted. The diurnal 418 profile of σ abs,BrC,370nm (see Fig. 7c ) shows the combined feature of OC and K + , since both 419 primary and secondary processes will affect its intensity. The nighttime rising trend was most 420 likely attributed to straw burning activities in early winter in nearby rural area that continued 421 to accumulate within the shallow PBL (Jiang et al., 2013) . σ abs,BrC,370nm /OC, i.e., the mass 422 absorption coefficient of BrC (MAC BrC ) (Fig. 7d) production may reduce BrC's light-absorbing capacity (Qin et al., 2018) . 427
Furthermore, Fig. 8 of observation site was situated in a coastal area and K + also could be found in sea salt (Pio et 440 al., 2008) , it should be noted that the prevailing wind direction during winter was from the north 441 (see Fig. 3 ), which will drive marine air parcels away from the site. High concentrations of Ca 2+ 442 and Mg 2+ are often found in dust-related aerosols (Lee et al., 1999) . σ abs,BrC,370nm showed poor 443 correlations with both Ca 2+ and Mg 2+ , indicating that dust-related aerosol components 444 contribute insignificantly to the total aerosol mass loading and thus dust may not affect the AAE 445 segregation method used in this work. Although sulfur dioxide (SO 2 ) may also be emitted by 446 biomass burning, SO 4 2-is often believed to be secondary in nature and the presents of other 447 intense SO 2 sources (e.g., automobile and industrial emissions) will further smear the 448 correlation between BrC and SO 4 2-. Sources of Cl -include both combustions and sea salt spray 449 (Waldman et al., 1991) . Although the prevailing wintertime wind direction was from the north, 450 sea salt still can be carried to the site by weak sea breeze and thus Cl -may not show considerable 451 correlation with BrC. 452
BrC radiative forcing efficiency 453
The radiative effects of aerosol scattering, BrC absorption, and BC absorption were investigated 454 by the SBDART model. For each investigated variable under cloud-free condition, we run the 455 model twice to calculate the DRF at TOA with and without the investigated variable. 456 It also should be noted that the simulations were based on SSA measured under dry conditions. 483
Under the typical ambient conditions of PRD, the SSA might be markedly enhanced by aerosol 484 water uptake (Jung et al., 2009) , and then, the BrC radiative forcing efficiency might be less. 
